Golden Beach in south Taiwan is widely known and has been attracting many beachgoers. In recent years, this beach has been eroded and measures to restore the sandy beach are required. The cause of the beach erosion was investigated on the basis of bathymetric survey data. In the study area, northward longshore sand transport, which was induced by the wave-sheltering effect of Anping Harbor, prevails, and the rate of transport was estimated to be 1.25×10 5 m 3 /yr with the conditions of the depth of closure (h c ) of -6 m, the berm height (h R ) of 2.2 m, and the characteristic height of beach changes (h) of 9.2 m.
INTRODUCTION
Golden Beach in south Taiwan is widely known and has been attracting many beachgoers because of its wide sandy beach and beautiful sunset. However, in recent years, this beach has been eroded, and the beautiful scenery has rapidly disappeared owing to severe erosion. As measures against beach erosion, groins were constructed and beach nourishment was carried out. However, their effects were insufficient in recovering the sandy beach, and further measures to restore the sandy beach are required. The cause of the beach erosion is assumed to be the wave-sheltering effect of the port breakwater constructed 4 km north of the beach. In this study, we aim to investigate the cause of the beach erosion to determine the measures effective against beach erosion. Figure 1 shows the location map of the study area. In the central part of the study area, the Erren River flows into the sea, and Anping Harbor is located 6 km north of the river mouth. Golden Beach is located immediately north of the Erren River mouth.
GENERAL CONDITIONS AND STUDY METHOD
The construction of the south and north breakwaters of Anping Harbor located 4 km north of Golden Beach started in 1999 and was completed by 2004. In 1985, before the construction of Anping Harbor, a sandy beach with a width between 100 and 160 m extended between the Erren River mouth and the location where Anping Harbor was later constructed. However, after the construction of Anping Harbor, the shoreline in the same area retreated by 120-160 m owing to erosion. In this study, the damage to Golden Beach was investigated first using site photographs. Then, the shoreline changes were investigated using satellite images taken between 2008 and 2015. Furthermore, the shoreline changes determined from aerial photographs and the topographic changes determined from bathymetric survey data were studied.
For wave conditions 1) near the Erren River mouth, the significant wave height is less than 0.98 m and the wave period ranges between 4 and 8 s with SW as the predominant direction of waves during summer, whereas the significant wave height is less than 0.85 m and the wave period ranges between 5 and 8.5 s with NW as the predominant direction of waves during winter.
DAMAGE TO GOLDEN BEACH
The shoreline on Golden Beach has retreated in recent years, and the seawall constructed far landward from the shoreline was severely damaged. This situation can be observed in site photographs. Figure 2 shows a photograph of the foreshore, seawall, and walkway along the shoreline on Golden Beach, taken on June 6, 2002, before the erosion. A wide foreshore extended in 2002. Note that a vegetation zone extended in front of the seawall, implying that the backshore was stable against waves, because the ground elevation of the backshore was significantly high. Because of the existence of the wide foreshore with a high elevation, the seawall was considered stable.
Figures 3 and 4 show the damaged seawall on Golden Beach on January 26, 2011, looking south and north, respectively. The plane walkway fell down owing to successive erosion, and concrete blocks were placed in front of the damaged seawall, as shown in Fig. 3 , and groins were installed. Moreover, Fig. 4 shows the damaged walkway along the seawall, where the discharge of sand underneath the walkway, indirectly caused by the reduction in the elevation of the foreshore, can be seen. By September 1, 2012, the sandy beach disappeared and the gravel bed was exposed, as shown in Fig. 5 . These beach changes were considered to be triggered by northward longshore sand transport induced by the wavesheltering effect of the construction of the Anping Harbor breakwater. The sand volume was decreased by the imbalance in longshore sand transport, i.e., the outflow of sand from the area was greater than the inflow of sand.
On Golden Beach, there was a beautiful sandy beach composed of fine sand in front of the seawall in 2008, but it was severely eroded, and only a narrow foreshore is left at present. Although an extensive natural sandy beach existed on January 3, 2008, the beach was rapidly eroded, and the shoreline had to be protected by groins. Figure 7 shows the shoreline changes between 1985 before the construction of Anping Harbor and 2014, 11 years after its completion. The shoreline gradually advanced in the area between X = 2.8 km and Anping Harbor between 1985 and 2014, whereas the shoreline between the Erren River mouth and X = 2.8 km retreated with a maximum shoreline recession of 140 m. Note that there is a nodal point at X = 2.8 km, slightly north of Golden Beach, in this shoreline change. This means that the northward longshore sand transport only passes through this nodal point at X = 2.8 km, causing the erosion upcoast and the accretion downcoast. Figure 8 shows the temporal changes in shoreline position along transects S1-S4 shown in Fig. 7 . Along transects S1 and S2 close to Anping Harbor, the shoreline started to advance in 1992 with the construction of the Anping Harbor breakwater. In contrast, along transects S3 and S4, far from Anping Harbor, the shoreline retreated, and almost no shoreline changes occurred since 2010, because the shoreline was fixed using the seawall.
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LONG-TERM SHORELINE CHANGES
BATHYMETRY AND BATHYMETRIC CHANGES
The foreshore width became narrow on Golden Beach because of successive erosion. The bathymetry in the study area between the Erren River mouth and Anping Harbor 6 km north of the river mouth is shown in Figs. 9 and 10, together with four transects along which profile changes were measured. These bathymetries were measured in November 2010 and October 2015, respectively. Transects S1 and S2 are located in the accretion zone south of Anping Harbor, whereas transects S3 and S4 are located in the eroded zone near the Erren River mouth. Although the overall features of the bathymetry do not change in the five years, many groins were constructed between the Erren River mouth and Golden Beach as a measure against beach erosion, with 13 shorter groins near the river mouth and 8 longer groins in front of Golden Beach. Figure 9 clearly shows that northward longshore sand transport, which was mainly caused by the wave-sheltering effect of the Anping Harbor breakwater, was entirely blocked by the south breakwater of Anping Harbor, and a large amount of sand was deposited. A wide foreshore was formed south of the breakwater and a lowland with an elevation of 2.2 m above the mean sea level (MSL) extends seaward which is later shown by the profile changes along transect S1, because the shoreline has successively advanced in this area. Between the Erren River mouth and X = 2 km, there is no foreshore, and the area with no foreshore exactly coincides with the location where the seawall is exposed to waves.
The depth contours between the shoreline and -6 m advance with greater displacement in the deeper contours, together with the shoreline advance north of X = 2 km, as shown in Fig. 9 . However, immediately south of Anping Harbor, a deep longshore channel is formed. This must be formed by the northward longshore currents which particularly develop in summer by the obliquely incident waves from SW. In contrast, parallel contours extend along transects S3 and S4 with a steep slope near the shoreline, because a large amount of sand was transported away from this area. Along transect S3, no longshore sand bars develop, resulting in the exposure of the seawall to waves. At the Erren River mouth, a deep channel of 4 m depth is formed, as shown in Fig. 9 , and offshore of the river mouth, a flat terrace of asymmetrical shape is formed, i.e., on the south side of the terrace, the contours of -3 and -4 m smoothly extend alongshore, whereas on the north side, concave contours are formed owing to the development of oblique rip currents. Figure 11 shows the bathymetric changes between October 2002 and October 2015, the red and blue colors correspond to accretion and erosion of the beach, respectively. A large amount of sand was deposited north of the nodal point at X = 2.8 km. Offshore of this deposition zone, a slender erosion zone with a depth of -3 or -5 m extends northward until the attachment to the south breakwater of Anping Harbor. However, further offshore of this slender erosion zone, a large amount of sand was deposited and the deposition zone expanded close to the tip of Anping Harbor. This is mainly due to the fact that, in this area, fine material has been transported northward, forming a bar and trough, and was finally deposited offshore because of a small equilibrium slope of sand.
In the south part of the study area, severe erosion occurred, particularly offshore of the Erren River mouth. Eroded sand was entirely transported northward to be deposited south of Anping Harbor. Even though eight groins were constructed in front of Golden Beach together with beach nourishment, the beach was eroded. Note that the erosion is severe immediately downcoast of the groins (between X = 2.2 and 2.8 km), indicating that the optimum location of groins must be carefully selected. , a large amount of sand was deposited to form an upward convex profile near the shoreline with a foreshore width of 317 m. This clearly shows the deposition of sand transported by northward longshore sand transport. Although significantly large profile changes can be seen in the offshore area, the profile changes almost converge at approximately -6 m, implying that the depth of closure of this coast is approximately equal to -6 m.
CHANGE IN LONGITUDINAL PROFILES
Along transect S2, the foreshore width becomes 172 m, which is smaller than that along transect S1
by 145 m, because the transect is far from the Anping Harbor breakwater. In the offshore zone, a large bar and trough developed, implying that fine sand is deposited in the offshore zone, which in turn suggests the difficulty of controlling sand movement by using structures.
Along transect S3, far from the Anping Harbor breakwater, the profile immediately offshore of the shoreline is concave and the seabed is very deep, which are typical characteristics of the eroded beach. In this area, the depth of closure is approximately given as -6 m. Along transect S4 immediately north of the Erren River mouth, although a very flat offshore terrace existed in October 2002, this offshore terrace was eroded over time and a concave profile was formed by November 2010, and thus this transect has been eroded similarly to transect S3, even if it is located next to the Erren River mouth.
ESTIMATION OF LONGSHORE SAND TRANSPORT RATE
When longshore sand transport is blocked by a structure, sand is deposited upcoast of the structure, resulting in shoreline advance, whereas on the downcoast, the shoreline retreats and a concave profile is formed owing to the successive erosion. In this case, the change in shoreline position, Δy, and the change in the cross-sectional area, ΔA, can be determined from the profile changes. If we consider the correlation between ΔA and Δy, a linear relationship is generally obtained between them, and this regression coefficient between them is called 'the characteristic height of beach changes', h, which can be used as a constant for transforming the change in the foreshore area of the beach into the change in the volume of sand of the beach 2) . This value can be determined from the temporal changes in the profile along a transect, as shown in Figs. 12-15 . Similarly, it can be determined by comparing two profiles measured at the same time along different transects on the basis of the concept of ergodic reasoning, i.e., substituting time for space 2) . For example, transects S1 and S3 are selected in accreted and eroded areas, respectively. Two profiles along transects S1 and S3 are first superimposed, and then the shoreline changes and the change in crosssectional area can be obtained from these two superimposed profiles, as schematically shown in Fig. 16 . Finally, a relationship between ΔA and Δy is calculated, as shown in Fig. 17 . In the present case, we obtain the relationship
(1) Finally, the characteristic height of beach changes, h, becomes 9.2 m. This value is close to the sum of the berm height hR, 2.2 m and the depth of closure, hc, -6 m. In addition to this, the increase in the foreshore area south of Anping Harbor, which can be calculated from the shoreline change, as shown in Fig.  7 , is approximately 2.2×10 5 m 2 . When multiplying this value by the characteristic height of beach changes of 9.2 m, the entire volume of sand deposited in the south part of Anping Harbor can be calculated as 2.0×10 6 m 3 . Since the construction of the Anping Harbor breakwaters began in 1999, 16 years have passed since then, and the annual rate of the deposition of sand has become 1.25×10 5 m 3 /yr. This volume of sand is considered to be supplied from the south coast by longshore sand transport.
CONCLUSIONS
In the study area, northward longshore sand transport, which was induced by the wave-sheltering effect of Anping Harbor, prevails, and the rate of transport was mainly estimated to be 1.25×10 5 m 3 /yr. Furthermore, the depth of closure hc and the berm height hR were approximately -6 m and 2.2 m in the study area, respectively, and the characteristic height of beach changes, h, was estimated to be 9.2 m. These values are important in designing the shape of the groin: the crown height, length, and point depth of the groins. If the crown height of the groin is lower than hR, a part of longshore sand transport may pass through the groin, and if the point depth of the groin is shallower than hc, some part of the sand will be transported downcoast, while turning around the tip of the groin. These characteristic values can be effectively used for predicting beach changes using numerical models such as the contour-line change model 3) or the BG model (a three-dimensional model for predicting beach changes based on Bagnold's concept) 4) . At present, the length of the south breakwater measured off the coast is 1.9 km and the point depth is 13 m below MSL, which is much greater than the depth of closure, hc, of 6 m below MSL, and thus longshore sand transport was completely blocked by the port breakwaters. Moreover, the wave direction at Golden Beach seasonally varies from the SW to the NW 1) , so that the wave direction alternately changes in this area, implying that sand transported on the south side of Anping Harbor during the summer season could not easily escape from the wave-shelter zone of Anping Harbor in winter, causing marked sand deposition in the area adjacent to the port.
Because the shoreline near transects S3 and S4 was changed into a rigid seawall, it seems that no shoreline changes can occur. In fact, if sand is supplied to this area, such sand will be quickly transported to the wave-shelter zone of Anping Harbor. As a measure against beach erosion in this area, it is considered that groins with a point depth comparable to the depth of closure should be extended seaward, together with beach nourishment using sand deposited upcoast of Anping Harbor. Although some part of the sand is gradually transported northward, because the point depth of the groin is smaller than the depth of closure, sand deposited upcoast of the port could be used recurrently to create the dynamic stability of the beach by this recycing of sand. Cross-shore distance X (m)
